X-ray diffraction has the potential to provide rich information about the structural dynamics of 28 macromolecules. To realize this potential, both Bragg scattering, which is currently used to 29 derive macromolecular structures, and diffuse scattering, which reports on correlations in 30 charge density variations must be measured. Until now measurement of diffuse scattering from 31 protein crystals has been scarce, due to the extra effort of collecting diffuse data. Here, we 32 present three-dimensional measurements of diffuse intensity collected from crystals of the 33 enzymes cyclophilin A and trypsin. The measurements were obtained from the same X-ray 34 diffraction images as the Bragg data, using best practices for standard data collection. To model 35 the underlying dynamics in a practical way that could be used during structure refinement, we 36
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tested Translation-Libration-Screw (TLS), Liquid-Like Motions (LLM), and coarse-grained 37
Normal Modes (NM) models of protein motions. The LLM model provides a global picture of 38 motions and were refined against the diffuse data, while the TLS and NM models provide more 39 detailed and distinct descriptions of atom displacements, and only used information from the 40 Bragg data. Whereas different TLS groupings yielded similar Bragg intensities, they yielded 41 different diffuse intensities, none of which agreed well with the data. In contrast, both the LLM 42
and NM models agreed substantially with the diffuse data. These results demonstrate a realistic 43 path to increase the number of diffuse datasets available to the wider biosciences community 44 and indicate that NM-based refinement can generate dynamics-inspired structural models that 45 simultaneously agree with both Bragg and diffuse scattering. 46 47 Significance 48 The structural details of protein motions are critical to understanding many biological processes, 49 but they are often hidden to conventional biophysical techniques. Diffuse X-ray scattering can 50 reveal details of the correlated movements between atoms; however, the data collection 51 historically has required extra effort and dedicated experimental protocols. We have measured 52 three-dimensional diffuse intensities in X-ray diffraction from CypA and trypsin crystals using 53 standard crystallographic data collection techniques. Analysis of the resulting data is consistent 54 with the protein motions resembling diffusion in a liquid or vibrations of a soft solid. Our results 55
show that using diffuse scattering to model protein motions can become a component of routine 56 crystallographic analysis through the extension of commonplace methods. 57 58 \body 59 Introduction: 60 X-ray crystallography can be a key tool for elucidating the structural basis of protein motions 61 that play critical roles in enzymatic reactions, protein-protein interactions and signaling 62 cascades (van den Bedem and . X-ray diffraction yields an ensemble-averaged 63 picture of the protein structure: each photon simultaneously probes multiple unit cells that can 64 vary due to internal rearrangements or changes to the crystal lattice. Bragg analysis of X-ray 65 diffraction only yields the mean charge density of the unit cell, however, which fundamentally 66 limits the information that can be obtained about protein dynamics (Clarage and Phillips, 1997 ; 67 Keen and Goodwin, 2015) . 68 69 A key limitation inherent in Bragg analysis is that alternative models with different correlations 70 between atomic motions can yield the same mean charge density (Kuzmanic et al., 2011) . The 71 traditional approach to modeling atom movement is to assume a single structural model with 72
individual atomic displacement parameters (B factors). Given sufficient data, anisotropic 73 displacement factors can be modeled, yielding directional insights into motions that might cause 74 variations in the crystal. When the data are more limited, Translation-Libration-Screw (TLS)  75 structural refinement, in which motions are described using rigid body segments of the molecule 76 (Schomaker and Trueblood, 1968) , has emerged as a common tool to model protein domain 77 movements in crystallography and has been used by 22% of PDB depositions 78 Merritt, 2005, 2006 Complementary information about internal protein motions also can be obtained in the X-ray 95 crystallography experiment itself by analysis of diffuse scattering. Diffuse scattering arises when 96 deviations away from a perfect crystal cause X-rays to be diffracted away from Bragg 97 reflections. When the deviations are due to crystal vibrations, they can be described using 98 textbook temperature diffuse scattering theory (see, e.g. (James, 1948) ). When each unit cell 99 varies independently, the diffuse intensity is proportional to the variance in the unit cell structure 100 factor (Guinier, 1963) CypA dataset is 98% complete to a resolution of 1.4 Å, while the trypsin map is 95% complete 201 to 1.25 Å resolution. We used the Friedel symmetry and Laue group symmetry to quantify the 202 level of crystallographic symmetry in each anisotropic map. To evaluate the degree Friedel 203 symmetry, we averaged intensities between Friedel pairs to create a symmetrized map I Friedel 204
and calculated the Pearson Correlation Coefficient (PCC) between the symmetrized and 205 unsymmetrized data to obtain the statistic CC Friedel . For CypA and trypsin, CC Friedel = 0.90 and 206 0.95 respectively, demonstrating that diffuse intensities obey Friedel symmetry. To assess the 207 degree of Laue group symmetry, we averaged P222-related reflections (the Laue symmetry 208 corresponding to the P 21 21 21 space group of both CypA and trypsin crystals) to produce the 209 symmetrized intensities, I P222 . The linear correlation CC Sym was then computed between the 210 symmetrized and unsymmetrized intensities. The correlations were substantial for both CypA 211
(CC Sym = 0.70) and trypsin (CC Sym = 0.69). Thus, our data are consistent with the diffuse 212 intensity following the Bragg peak symmetry. The trypsin data were integrated using one degree 213 oscillation frames, while the CypA data were integrated using 0.5 degree oscillation frames. The 214
comparable degree of symmetry in the CypA and trypsin data suggests that the measurement 215 of diffuse intensity is robust with respect to this difference in data collection. 216 217 To investigate how well TLS models agree with the molecular motions in the CypA crystal, we 229 compared the experimental diffuse data to intensities calculated from three alternative TLS 230 models: phenix, tlsmd and whole molecule (Figure 3A-D 
243
Like CypA, the three trypsin TLS models (Figure 3E-H the Whole molecule motion is dissimilar to both the Phenix and TLSMD predictions (PCC = 0.03 249 and 0.05, respectively). In contrast, the Phenix and TLSMD models yield much more similar 250 diffuse intensities (PCC = 0.515). The relatively high correlation between these models is 251 consistent with the similarity in the TLS groups (Figure 3F-H We refined isotropic LLM models of motions in CypA and trypsin against the experimental 284 diffuse intensities (Figure 2B, E and Methods) . The CypA model was refined using data in the 285 resolution range 31.2 Å -1.45 Å, and the trypsin model using 68 Å -1.46 Å data. For CypA, the 286 refinement yielded γ = 7.1 Å and σ = 0.38 Å with a correlation of 0.518 between the calculated 287 and experimental anisotropic intensities. The highest correlation between data and experiment 288 occurs in the range 3.67 Å -3.28 Å, where the value is 0.74 ( Figure 4A ). For the trypsin 289 dataset, the refinement yielded γ = 8.35 Å and σ = 0.32Å with a correlation of 0.44, which is 290 lower than for CypA. The peak value is 0.72 in the resolution range 4.53 Å -4.00 Å (Figure 4B) . 291 292 293 294 
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The refined LLM models also were compared to the data using simulated diffraction images. 301
Images corresponding to frame number 67 of the CypA data were obtained using the LLM 302 model (Fig. 5A ) and the integrated diffuse data (Fig. 5B ). The main bright features above and 303 below the origin are similar between the two. Many of the weaker features also appear to be 304 similar, both at high and low resolution. The similarity is diminished but still apparent for images 305 obtained for frame number 45 of trypsin ( Supplementary Fig. S1 ). These simulations provide a 306 visual confirmation of the substantial correlations obtained for the three-dimensional diffuse 307
intensity. 308 309 310 The substantial correlation of the LLM model with the diffuse data for CypA and trypsin indicates 316 that the variations in the protein crystal can be approximately described using a model of the 317 protein as a soft, homogeneous medium. The model implies that the motions of atoms 318 separated by more than 7-8 Å are relatively independent, and that atoms that are closer to each 319 other move in a more concerted way. 320 321
Normal-modes can model both diffuse and Bragg scattering data
To assess the potential of NMA to be developed for diffuse scattering studies, we developed 324 coarse-grained elastic network models of the CypA and trypsin unit cells (Methods). The C α 325 coordinates and B-factors for the NM models are by definition identical to those derived from the 326 Bragg data (Methods). To assess the agreement of specific NM-derived conformational 327 variations with the Bragg data, we generated 50 member ensembles from the Hessian 328 (Methods). We applied a single isotropic B-factor across all atoms ensuring that all deviations in 329 the individual magnitude and anisotropy originated from the normal modes (Fig. S2 ). The 330 correlations were high across resolution shells ( Fig. 4 C, D) , yielding overall R-factors of 38% 331 (CypA) and 31% (Trypsin) (Tables S1 and S2). We also calculated the predicted diffuse 332 intensity from the NM models: the correlation of the CypA model with the data is 0.41 in the 333 resolution range 31.2 Å -1.45 Å, and the correlation of the trypsin model with the data is 0.38 in 334 the resolution range 68 Å -1.46 Å. The agreement with the data is substantial within individual 335 resolution shells (Fig. 4) . The NM simulated diffraction image for CypA ( Fig. 5C) shows bright 336 features that are found in the data (Figs. 5B) . The relative strength at high versus low-resolution 337 is higher than in the data, however, suggesting that this NM model is too rigid; this discrepancy 338 might be addressed by softening the intra-residue interactions and optimizing the model against 339
the diffuse scattering data directly. The comparisons of simulated diffraction images for trypsin 340 are consistent with the findings for CypA (Fig. S1 ). 341 342
Overall the agreement of the NM models with the data assessed using either 3D diffuse 343 scattering datasets (Fig. 4) or simulated diffraction images (Figs. 5, S1) is substantial but slightly 344 less than for the LLM models. However, it is important to interpret this comparison in light of the 345 fact that the covariance matrices of the NM models were normalized to agree with the Bragg 346 data and not parameterized against the diffuse data (Methods), while the LLM model is 347 parameterized against the diffuse data. still diffraction images and substantial optimization of experimental design. The present 362 collection of two new datasets obtained using oscillation images using best current practices in 363 room-temperature protein crystallography (Fraser et al., 2011) , and the use of the data in 364 evaluating TLS, LLM, and NM models, illustrates the potential for using diffuse scattering to 365 increase understanding of protein structure variations in any X-ray crystallography experiment, 366
representing a significant step towards moving diffuse scattering analysis into the mainstream of 367 structural biology. 368 369
Diffuse data obtained for CypA and trypsin can distinguish among the TLS, LLM, and NM 370 models of motions. However, the agreement with the data is somewhat lower than in previous 371 LLM models of three-dimensional diffuse scattering (Wall et al., 1997a; Wall et al., 1997b) . In 372 this study, the correlation of the LLM model with the data was 0.518 in the range 31.2 Å -1.45 373 Å for CypA, and 0.44 in the range 68 Å -1.46 Å for trypsin; in comparison, the correlation was 374 0.595 in the range 10 Å -2.5 Å for staphylococcal nuclease (Wall et al., 1997b ) and 0.55 in the 375 range 7.5 Å -2.1 Å for calmodulin (Wall et al., 1997a) . Some possible explanations for the 376 lower agreement for CypA and trypsin include: the use of higher resolution data in the present 377 studies; that LLM might be a better description of motions in staphylococcal nuclease and 378 calmodulin than in CypA and trypsin; and that the measurements might have been more 379 accurate in the past experiments, as the data collection was tailored for diffuse scattering. The 380 apparent alignment of the residual intensity distribution with the unit cell axes (Figures 2C, 2F ) 381 also suggests that an anisotropic LLM model might be more appropriate than an isotropic LLM 382 model for CypA and trypsin. 383 384
The agreement of the LLM models with three-dimensional experimental diffuse data across 385 multiple systems warrants further consideration for using diffuse scattering in model refinement 386 and validation. A key finding is that the agreement of the LLM models with the diffuse data is 387 higher than the TLS models, which currently are used widely in protein crystallography. 388 Interestingly, the 7-8 Å length scale of the correlations is comparable to the size of the TLS 389 domains; however, compared to the sharp domains of the TLS model, the exponential form of 390 the correlations indicates that there is a smooth spatial transition between the correlated and 391 uncorrelated atoms in the LLM. The smooth transition might be key to the increased agreement 392 of the LLM with the diffuse data compared to the rigidly defined regions of the TLS model. 393 394
Our findings also support the use of NM models in combination with diffuse scattering for model 395 refinement and validation. The exploratory work here, which did not use diffuse data for 396 parameterization, indicates that NM models contain features that can capture aspects of the 397 diffuse scattering data, and motivates further work to incorporate NM in both Bragg and diffuse 398 refinement. In the coarse-grained NM model in Eq.
(2), the residues are treated as rigid, which 399 artificially increases anisotropic features at high resolution. We performed a limited exploration 400 of models with decreased intra-residue atom correlations: so far these models have led to lower 401 correlations with the data; however, in principle such models should be more accurate. Future 402 work will focus on developing computationally efficient methods for optimizing the accuracy of 403 the coarse-grained NM models and for using all-atom NM to model diffuse scattering. 404 405
Overall, the three-dimensional diffuse scattering data obtained here for CypA and trypsin, and 406 previously for staphylococcal nuclease (Wall et al., 1997b) and calmodulin (Wall et al., 1997a) 407 suggest that the protein structure varies more like a soft material than like a collection of 408 independent rigid domains. An important consideration in developing these new refinement 409 methods is to maintain a key advantage of TLS refinement at lower resolutions: the introduction 410 of relatively few new parameters for refinement. This requirement also would be satisfied by 411
NMA, which has a low computational cost and general applicability, making it a promising model 412 for integrating diffuse scattering into crystallographic model building and refinement (Wall et search models were 4I8G for trypsin, and 2CPL for CypA. Initial structural refinement was 488 performed using phenix.refine (Afonine et al., 2012) . The strategy included refinement of 489 individual atomic coordinates and water picking. Both the X-ray/atomic displacement 490 parameters and X-ray/stereochemistry weights were optimized. Isotropic B-factors were chosen 491 for the initial structures to allow for non-negligible R-factor optimization by subsequent TLS 492 refinement strategies. All structures were refined for a total of 5 macrocycles. Statistics for these 493 initial crystal structure models are shown in Table 1 . 494 495 An overview of the diffuse data integration process is presented in Figure 1 . Image processing 501 was performed using the LUNUS collection of diffuse scattering tools (Wall, 2009 ). Pixels 502 corresponding to the beam stop and image edges were masked using the punchim and windim 503 methods. To focus on the diffuse intensity, which compared to Bragg peaks has low individual 504 pixel values (while, being more broadly distributed in reciprocal space, having comparable total 505 integrated intensity), pixel values outside of the range 1-10,000 photon counts were masked 506 using threshim. The beam polarization was determined by analyzing the first frame to determine 507 the azimuthal intensity profile within a 100 pixel wide annulus about the origin, and by fitting the 508 resulting profile to the theoretical profile (Wall, 1996) . Pixel values then were corrected for beam 509 polarization using polarim. A solid-angle normalization (normim) correction was also applied. 510
Mode filtering was used to remove Bragg peaks from diffraction images. This was accomplished 511
using modeim, with a mask width of 20 pixels and a single bin for each photon count increment. 512
These steps produced diffraction images in which pixel values could be directly compared to 513 model diffuse intensities. This procedure, originally developed for experiments on 514 staphylococcal nuclease (Wall et al., 1997b) , is similar to the steps used by Polikanov and 515 Moore (Polikanov and Moore, 2015) to process individual ribosome diffraction images for 516 analysis of diffuse scattering data. 517 518
The Lunus processed frames were used to integrate the diffuse data onto a 3D lattice. The 519
integration was performed using a python script that calls DIALS methods within the 520
Computational x ½ region about hkl. It writes the intensity sums and pixel counts for each frame on a grid, 526 populated on an Ewald sphere that varies according to the crystal orientation for each image 527 (Figure 1C) . A radial scattering vector intensity profile was calculated for each frame using the 528
Lunus avgrim method and was used to scale diffuse frames across the entire dataset. The 529
Lunus sumlt and divlt methods were used to compute the mean diffuse intensity at each grid 530 point using the scaled sums and pixel counts from all of the frames. 531 532
Because Diffuse scattering images were simulated using methods similar to those for data integration in 547 the previous section. After finding an indexing solution, a frame corresponding to the desired 548 simulated image was selected from the data set. This frame was used as a template for 549 obtaining a mapping of each pixel to fractional Miller indices. The new value of each pixel was 550 obtained by linear interpolation of the values of diffuse intensity between the nearest-neighbor 551 integer points hkl for which diffuse intensity was either measured (as in the previous section) or 552 calculated (as in below sections on liquid-like motions and normal modes models). In the case 553 of the synthetic images computed from the diffuse data, the images greatly enhanced the ability 554
to visualize diffuse features compared to the original diffraction images (Supplementary Figs. 555 S3, S4); the enhancement is due to the improved statistics obtained by averaging many pixel 556
values to obtain a measurement at each value of hkl. The simulated images were processed to 557 enhance visualization of diffuse features: the minimum pixel value was computed within each 558 pixel-width annulus about the beam center, and was subtracted from each pixel value within the 559 annulus. Images were displayed using Adxv (Arvai, 2012) , with display parameters selected for 560 meaningful comparison of the diffuse features. 561 562
TLS structure refinement and diffuse scattering model 563 564
Three independent TLS refinements were performed for CypA (Figure 3A-D) Motion Determination web server Merritt, 2005, 2006) . All TLS refinement was 570 performed within phenix.refine through 5 macrocycles. Aside from the inclusion of TLS 571 refinement, these macrocycles were identical to the initial structure refinement described above. 572 573
Similarly, for trypsin, we selected Whole Molecule, Phenix, and TLSMD TLS refinement 574 strategies as described above (Figure 3E-H were generated to a final resolution of 1.2 Å and 1.4 Å respectively, to match the resolution of 585 the experimental data. 586 587
Liquid-like motions model 588 589
We computed Liquid-like motions (LLM) models of diffuse scattering using the structures refined 590 prior to the TLS refinements (CypA: PDB ; Trypsin: PDB ). For both CypA and trypsin, the 591 temperature factors for all atoms were set to zero and squared calculated structure factors 592 I 0 (hkl) were computed using the structure_factors, as_intensity_array, and expand_to_p1 593 methods in CCTBX ( Given a correlation length γ and amplitude of motion σ, the diffuse intensity predicted by the 598 LLM model was calculated as 599 600
